Current neurobiological models assign a central role to predictive processes calibrated to environmental statistics. Neuroimaging studies examining the encoding of stimulus uncertainty have relied almost exclusively on manipulations in which stimuli were presented in a single sensory modality, and further assumed that neural responses vary monotonically with uncertainty. This has left a gap in theoretical development with respect to two core issues: i) are there cross-modal brain systems that encode input uncertainty in way that generalizes across sensory modalities, and ii) are there brain systems that track input uncertainty in a non-monotonic fashion? We used multivariate pattern analysis to address these two issues using auditory, visual and audiovisual inputs. We found signatures of cross-modal encoding in frontoparietal, orbitofrontal, and association cortices using a searchlight cross-classification analysis where classifiers trained to discriminate levels of uncertainty in one modality were tested in another modality. Additionally, we found widespread systems encoding uncertainty non-monotonically using classifiers trained to discriminate intermediate levels of uncertainty from both the highest and lowest uncertainty levels. These findings comprise the first comprehensive report of cross-modal and non-monotonic neural sensitivity to statistical regularities in the environment, and suggest that conventional paradigms testing for monotonic responses to uncertainty in a single sensory modality may have limited generalizability.
tured inputs. Along these lines, Nastase et al. (2015) found that whole-brain entropy was manipulated whereas Shannon entropy was fixed at 2 bits (a 143 uniform distribution where each token is equally likely). We created the ex-144 perimental series by repeatedly generating series from the Markov processes, 145 evaluating those for transition constraints and marginal frequencies, and se-146 lecting only those series that exactly fit the generating process in terms of 147 transition and marginal frequencies. Levels of the Markov entropy factor are 148 referred to as levels 1, 2, 3, and 4 and indicate an increase in randomness; 149 note that a positive linear relationship with entropy or uncertainty can also 150 be described as a negative linear relationship with regularity, structure, or 151 predictability.
152 Figure 1 : Transition graphs determining the uncertainty of stimulus series. In the auditory condition, each token corresponded to a tone. In the visual condition, each token corresponded to a shape of a particular color at one of four locations surrounding the central fixation cross. In the audiovisual condition, each token corresponded to a fixed tone-shape pair that remained unchanged within a series, but differed across series. The transition graphs correspond to entropy labels 1 (top left), 2 (top right), 3 (bottom left), and 4 (bottom right) in the text and figures.
There were 12 conditions in the factorial design corresponding to the fully 153 crossed 4 entropy levels and 3 sensory modalities (A, V, AV). We used 12 different series for each of these 12 conditions (i.e., 144 experimental series in total). These stimuli were presented over four experimental runs, with each 156 run containing three series from each of the 12 conditions. Participants per-slices parallel to AC/PC, 3 mm 3 isotropic voxels, slice skip factor = 15%, flip angle = 75.0 • ). Cardiac and respiratory measurements were not collected 193 during fMRI acquisition. The structural images optimized for contrast-to-noise ratio (CNR) were 234 preprocessed using the fsl anat tool according to the following steps: reorien-235 tation to MNI conventions (fslreorient2std); automatic cropping (robustfov); 236 bias field correction (FAST); nonlinear normalization to a whole-brain MNI 237 template (FNIRT); brain extraction based on the alignment to the MNI tem-238 plate, and segmentation according to tissue type and subcortical structures. of entropy may reflect processes modeling the complexity of the system gen-375 erating the stimuli. 376 For the auditory modality, we identified two regions discriminating high 377 and low entropy: left precentral gyrus (PCG) and right insula, with peak 378 searchlight classification accuracies of 77-79%, cross-validated across partic-379 ipants (theoretical chance = 50% here and for all subsequent classification 380 results). We found a much more extensive set of regions that discriminated 381 the intermediate levels of auditory regularity from both high and low levels 382 (a quadratic discrimination with respect to entropy levels; Figure 2 ). These 383 included bilateral superior and middle temporal gyri (STG, MTG), right 384 transverse temporal gyrus (TTG), occipital regions bilaterally, and the cere-385 bellum, with peak two-way classification accuracies of 67-70% (see Table 1 386 for all significant cluster locations).
387
[ Table 1 around here] 388 For the visual modality we identified four clusters discriminating high and We used cross-modal searchlight classification to identify brain areas 406 where response patterns discriminating levels of uncertainty generalized (i.e., 407 were similar) across the auditory and visual modalities. Classifiers were 408 trained to discriminate between levels of regularity in one sensory modality 409 Figure 2 : Neural sensitivity to uncertainty in the auditory, visual, and audiovisual series. Significant clusters of searchlights where response patterns reliably discriminated highly regular and random series are indicated in red. Significant clusters where response patterns discriminated the two intermediate levels of regularity from the two extreme levels (a quadratic discrimination) are plotted in cyan (cluster-level p < .05, corrected for multiple comparisons). Classifiers were tested using leave-one-participant-out cross-validation and statistically evaluated using permutation tests. and then tested on input from the other modality using leave-one-participant- Table 2 for all significant clusters and Supplementary 422 Movie for 3D rendering). These areas exhibited peak two-way classification 423 accuracies of 61-64%.
424
[ Table 2 around here] 425 Figure 3 : Cross-modal searchlight classification of input uncertainty. The searchlight analysis identified brain regions where classifiers trained to discriminate levels of regularity in one modality (e.g., auditory inputs) could successfully classify levels of regularity in the other modality (e.g., visual inputs, and vice versa). Significant clusters of searchlights where response patterns for highly regular and random series could be reliably classified across the auditory and visual modalities are indicated in red. Significant clusters of searchlights with reliable cross-modal classification of intermediate and extreme levels of regularity are plotted in cyan. Classifiers were tested on the left-out modality using leave-one-participant-out cross-validation, and statistically evaluated using permutation tests. Searchlight results are statistically significant at cluster-level p < .05, corrected for multiple comparisons.
reflect the operation of predictive processes. Finally, in a post-hoc analysis, we discovered that response patterns in the right hippocampus differentiate 519 highly structured and random audiovisual series, while the left hippocampus 520 differentiates structured and random series across modalities. These sug-521 gestive results support previous work pointing to associative learning in the 522 hippocampus in the context of implicit learning (Turk-Browne et al., 2009, and our experiment was not designed to adjudicate between these processes. voxels and overlaps with numerous neighboring searchlights. Furthermore, 620 to better approximate other correlation-based classification analyses (e.g., The classifier therefore operates solely on distributed response topographies 626 of relative activity, and cannot capitalize on general differences in overall 627 response magnitudes across conditions within a given searchlight. Aban-628 doning this normalization scheme and allowing the classifier to also utilize regional-average response magnitudes would likely more closely approximate a conventional univariate analysis.
We identified neural systems that encode information about statistical regularities in a supra-modal manner, as evidenced by cross-modal multivariate classification. In addition, our findings emphasize that the human brain re-669 sponds to uncertainty both monotonically and non-monotonically, suggesting 670 that some brain regions track uncertainty per se, while others code for struc-671 tural features of the systems generating the sensory input.
